We hypothesized the extent of involvement of the proximal femoral growth plate in Perthes disease determined the final radiographic outcome after containment by shelf acetabuloplasty. We retrospectively evaluated the extent of growth plate involvement using a modified version of the method described by Yasuda and Tamura. In our modification, we used only the epiphyseal border for measurements, which was clearly visible as a thin white line, unlike Yasuda and Tamura who used the metaphyseal and epiphyseal borders. We could not clearly demarcate the metaphyseal border in the radiographs of our patient population between 1944 and 1998, which consisted of 69 patients who had surgery at a mean age of 9 years (range, 6.0-14.1 years). From these measurements, we formulated an index termed "growth plate involvement." Radiographic results were classified as described by Stulberg et al A growth plate involvement index less than 0.25 resulted in a good radiographic outcome. We found 93.2% sensitivity and 100% specificity in predicting Stulberg's outcomes. The growth plate involvement index is a reliable and reproducible measurement method and may be used prospectively as a useful prognostic factor to predict radiographic outcomes after containment acetabuloplasty.
The goal for treatment of Legg-Calve-Perthes disease is to achieve a congruous hip, which is likely to delay the development of late arthritic changes and pain. However, the natural history of Legg-Calve-Perthes disease is variable and depends on many clinical and radiographic factors. 5 If left untreated, the femoral head may deform and extrude, resulting in hinge abduction and subluxation. Different risk factors and classification systems have been proposed to predict the final outcome. 5, 13, 28 Containment of the deformed femoral head in the acetabulum should improve the sphericity, 9, 10, 12, 18, 27 although some believe "there is no indication that surgical containment alters stresses or prevents collapse of an extensively necrotic femoral head." 25 Containment is achieved by performing a proximal femoral derotation osteotomy to redirect the femoral head into the acetabulum, a Salter innominate osteotomy to redirect the acetabulum to contain the femoral head anteriorly and laterally, or by a buttressing procedure called shelf acetabuloplasty. 2, 10, 13, 18, 27 In 1996, Yasuda and Tamura described a simple radiographic measurement involving the growth plate of the proximal femur in Legg-Calve-Perthes disease and found good correlation between their measurement and the final outcome. 35 We attempted to use this method but found it difficult to interpret the metaphyseal border of the growth plate on some radiographs; therefore, we modified this method by using only the epiphyseal border, which is clearly visible as a thin white line (Fig 1) .
The primary research question of this study is: Does this new method of measurement of growth plate involvement have a higher diagnostic use than the lateral pillar classification of Herring et al 13 in predicting the outcome after surgical containment in Perthes disease as assessed by the classification of Stulberg et al? 32 To answer this question, we first assessed interobserver and intraobserver reliability and reproducibility of measuring growth plate involvement using intraclass correlation coefficients. This hypothesis also was tested by answering the following questions: (1) Does the period of delay from the onset of the disease and surgery correlate with changes in growth 
MATERIALS AND METHODS
We retrospectively reviewed the medical records and radiographs of all 97 consecutive children with unilateral Legg-CalvePerthes disease treated with shelf acetabuloplasty of the hip from 1944-1998 at the Alfred I. duPont Hospital for Children in Wilmington, DE. Records were included if we had complete clinical and radiographic data from the time of onset, preoperative and final followups, an open growth plate of the proximal femur at the time of surgery, closed triradiate cartilage of the acetabulum at the last followup, and a minimum followup of 2 years. The radiographs included anteroposterior (AP) and frog leg lateral radiographs of the hips. Of the 97 children we excluded, 12 (12%) were because of incomplete radiographic data. Eleven of the 97 (11%) were not available for followup. We also excluded five patients who had a closed growth plate at the time of the shelf procedure. The remaining 69 patients (69 hips) formed the study group, reflecting 71% of the total. There were 59 boys and 10 girls. The left hip was affected in 29 patients and the right hip in 40 patients. The mean age at the time of onset of symptoms was 7.5 years (range, 5-13 years). The mean age at the time of surgery was 9.1 years (range, 6-14.1 years). The mean delay between the onset of symptoms and the shelf procedure was 17 months (range, 1-77 months). The mean age at the last followup was 17 years (range, 15-58 years). The minimum followup was 2 years (mean, 15 years; range, 2−44 years). We obtained Institutional Review Board approval before performing the study. In our institution, the shelf acetabuloplasty is the only method of containment for Legg-Calve-Perthes disease. The surgical procedure was performed as described by Gill 8 and Kumar and MacEwen. 19 Thirty hips were classified as Catterall Group IV, 33 as Group III, and six as Group II. 5 According to the modified lateral pillar classification of Herring et al, 12, 13 41 hips were Group C, 20 Group B, and eight Group B/C. At the time of surgery, 13 hips were in the necrotic stage, 22 in the fragmentation stage, 21 in the reossification stage, and 13 in the remodeling stage. The last radiograph without irregularity and fragmentation in the bony structure of the epiphysis was considered the end of the necrotic stage. 3, 33 The growth plate index is a modified version of the method described by Yasuda and Tamura. 35 They described the involved growth plate as the portion of the growth plate with ill-defined borders at the metaphyseal and epiphyseal sides. We were unable to define the metaphyseal border because it could not be clearly demarcated on the radiographs. Additionally, the presence of metaphyseal cysts made this border indistinct. Therefore, we limited measurements strictly to the epiphyseal border because it was clearly visible as a thin white line on the AP and frog leg radiographs. Measurements started from the lateral edge of the growth plate on the AP radiograph and the superior edge in the frog leg radiograph. We followed the white line until it was not traceable. The point from where the line was not traceable was the border between the healthy and unhealthy parts of the growth plate. We measured the distance from this point to the lateral edge of the growth plate on the AP view and to the superior edge in the frog leg view (Fig 1) . The growth plate index is calculated by dividing the width of the involved portion of the growth plate (W involved ) by the total width of the growth plate (W total ). These measurements are made on the AP and frog leg views. The values of both calculations are multiplied to obtain the growth plate involvement:
Three authors (MD, MI, SKJ) analyzed the extent of growth plate involvement of the proximal femur on all radiographs from disease onset to the time of surgery (Fig 2; Table 1 ). Radiographs taken within 2 months before surgery were considered preoperative radiographs. If multiple radiographs were taken in a short time, we only included radiographs that clearly showed the growth plate. Three authors assessed the growth plate independently. They also graded the Catterall, Herring, and Stulberg groups independently. We defined the growth plate as open when an unbroken white line was visible between the epiphysis and metaphysis at the level of the growth plate on AP and frog leg view radiographs (Fig 1) . The radiographic results were assessed after closure of the triradiate cartilage of the acetabulum and were classified using the criteria of Stulberg et al 32 Stulberg Classes I and II were considered good results and Classes III, IV, and V were considered poor outcomes. 32 Because we had only one hip rated as Stulberg Class I, for further analysis, this hip was included with Stulberg Class II (good results). Clinically, hips rated Stulberg Class II had full abduction, full flexion, less than 10°limitation of internal rotation, no limp, and no pain.
We used Student's t test to compare data on the interval level between two groups. Student's t tests were used to compare growth plate involvement at the time of surgery between boys and girls and also to compare left-and right-sided involvement. We found no difference in growth plate involvement at the time of surgery between age-matched boys and girls or between left and right side of involvement.
We used Pearson's correlation coefficient to determine the correlation between variables. We assessed the correlation between (1) the period of delay from the onset of the disease and surgery to the growth plate involvement at surgery; and (2) the time that the growth plate remained open after surgery to the growth plate involvement at surgery. The relationship of the period of delay from the onset of the disease to surgery to the growth plate involvement at surgery was significant (Pearson's correlation coefficient 0.66, p < 0.01). Because the period of delay from the onset of the disease and surgery had a relationship with growth plate involvement, we compared average values of growth plate involvement in different stages of the disease at the time of surgery.
When performing a comparison between three or more groups, an analysis of variance (ANOVA) with Tukey's post hoc analysis for variables showing a normal distribution was used. An ANOVA was performed to compare the independent variable growth plate involvement with the dependent variable of stage of the disease. Analysis of variance also was used to compare the independent variable of growth plate involvement at the time of surgery with the dependent variable of Stulberg classification at We assessed interobserver agreement using intraclass correlation coefficients. The consistency rule was more lenient than complete agreement. The intraclass correlation coefficients were computed for both rates using a two-way random effects model (rater and subject) as specified by McGraw and Wong. 22 According to Landis and Koch, 20 we generally considered intraclass correlations between 0.61 and 0.8 substantial agreement and correlations between 0.81 and 1 almost perfect agreement. In our study, all intraclass correlations were above the 0.81 level showing the reliability and reproducibility of the measure. Readers must exercise caution when interpreting the Landis and Koch criteria. We are not recommending surgical intervention based on is necessary to provide clinicians with the data to assess the gravity of an error in classification or choice of treatment. The intraclass correlation coefficient results showed high agreement for agreement and consistency rules. The intraclass correlation coefficient values for complete agreement were 0.9 for growth plate involvement, 0.88 for total growth plate width, and 0.89 for the index of involvement. The intraclass correlation coefficient for all three variables using the consistency rule showed the same value (0.95). Because we found no differences in measurements between observers, we used the original measurements of growth plate involvement made by the first observer (MD).
The aim of the last set of analyses was to determine diagnostic accuracy (ie, sensitivity and specificity) of the growth plate involvement versus Herring's pillar classification in predicting Stulberg classification. The diagnostic accuracy was determined by creating receiver operating characteristic curves. Visually, the procedure entails using graph paper and plotting the sensitivity (y axis) and false-positive rate (x axis) of a test while systematically moving the test's cut score across its full range of values. Specifically, sensitivity (all true-positives are found) and specificity (no false-positives are found) were calculated for every possible growth plate involvement cut point value. The purpose of varying the cut point is to determine the value of growth plate involvement that has the highest accuracy in predicting Stulberg class. An assessment used to calculate the performance of the test, or the diagnostic accuracy, is provided by the area under the receiver operating characteristic curve. This area is equivalent to the probability that when two patients are randomly drawn from the population (one with a Stulberg classification of II and the other with a Stulberg classification of III), the test used to predict the final result will provide an accurate classification.
Because we found a difference in growth plate involvement between the groups with good and poor radiographic outcomes, we determined the optimal cut point for the growth plate involvement in predicting Stulberg results by calculating sensitivity and specificity levels for each growth plate involvement value. The comparison revealed the optimal growth plate involvement cut point was 0.25. This cut point produced sensitivity levels of 93.2% and specificity levels of 100%. All hips with a good radiographic outcome (Stulberg Classes I and II) had growth plate involvement less than 0.25. We called this group growth plate involvement Type I (Fig 3) . All hips with growth plate involvement greater than 0.25 were classified as growth plate involvement Type II, which resulted in Stulberg Classes III and IV hips. In growth plate involvement Type II, 1 ⁄2 or more than 1 ⁄2 of the growth plate was involved on the AP and frog leg lateral radiographs (Fig 4) .
RESULTS
The growth plate of the proximal femur was open for an average of 29 months postoperatively (range, 0-70 months). In the group with a good radiographic outcome (Stulberg Classes I and II), this period averaged 57 months (range, 38-70 months; standard deviation, 9.3). In the group with an unfavorable outcome, this period averaged 32 months (range, 12-66 months; standard deviation, 15) for Stulberg Class III and 23 months (range, 10-48 months; standard deviation, 11) for Class IV. The growth plate of the proximal femur was open for a longer (f ‫ס‬ 36.98; p ‫ס‬ 0.001) time in the group with a good outcome (Stulberg Classes I and II) when compared with the group with a poor radiographic outcome (Stulberg Classes III and IV). There was no difference in the outcome between Classes III and IV regarding how long the growth plate remained open. We found a correlation (r ‫ס‬ 0.642, p < 0.05) between the extent of involvement of the growth plate at the time of surgery and the period of time the growth plate remained open after surgery. Hips with higher growth plate involvement at the time of surgery had earlier growth plate closure (Fig 5) .
The average growth plate involvement measured on preoperative radiographs was 0.31 (range, 0.01-0.83; standard deviation, 0.19). The growth plate involvement was higher (p < 0.01) in each stage of the disease as it progressed ( Table 2) . At the last followup, we rated the radiographic result in one hip (1.4%) as Stulberg Class I, 24 hips (34.8%) as Stulberg Class II, 26 (37.7%) as Stulberg Class III, and 18 (26.2%) as Stulberg Class IV. Patients in Stulberg Classes I and II had lower (p ‫ס‬ 0.001) growth plate involvement when compared with those in Classes III and IV (Table 3) . Hips with a deformed femoral head at the final radiographic evaluation (Classes III and IV) showed no difference in growth plate involvement measured at the time of surgery. The average values of growth (Table 4) . On average, the growth plate from radiographs made from the time of onset of Legg-Calve-Perthes disease until surgical containment reached a value of 0.25 at approximately 12 months after the onset of the disease. In one hip, growth plate involvement greater than 0.25 occurred 6 months after the onset of the disease (Fig 6) .
The receiver operating characteristic curves for growth plate involvement and Herring's pillar classification were located markedly above and to the left of the diagonal (Fig  7) . Consequently, the curves showed strong association to outcomes from the Stulberg classification. The overall p values (significance levels) for the receiver operating characteristic analysis were highly significant ( Table 5 ). The area under the curve also gives information regarding the applied use of each measure. The growth plate involvement and Stulberg systems showed high accuracy (ie, both areas under the curve exceed the 0.66 criterion recommended by Rice and Harris 26 ). For instance, the area under the curve for growth plate involvement was 0.97. This value indicates when two patients are randomly drawn from the population (one with a Stulberg classification of II and the other with a Stulberg classification of III), 97% of the time the growth plate involvement will provide an accurate classification. Likewise, 75% of the time the Herring's pillar classification will provide an accurate classification. The areas under the curve of the two systems were compared. The comparison reveals the growth plate involvement was diagnostically superior (p ‫ס‬ 0.001) to the lateral pillar classification (Table 5) . 
DISCUSSION
The main goal in the treatment of Perthes disease is to prevent deformation of the hip and to delay development of arthritic changes. However, the natural history of Perthes disease is variable and depends on many clinical factors. To predict the final outcome and establish a treatment protocol, different classification systems and risk factors were described. 5, 13, 28 Commonly used classification systems are those of Catterall, 5 Salter and Thompson, 28 and Herring et al 13 The groups can be determined at the fragmentation stage of the disease; however, the fragmentation stage in Legg-Calve-Perthes disease is indicative of advanced destruction. 15 Histologic analysis of the femoral head during different stages of the disease reveals the stage of necrosis is already the culminating point of the disease. 15 In late-presentation Perthes disease, femoral head collapse is rapid and is associated with subluxation and extrusion, which often leads to an unsatisfactory outcome.
14,34 The Salter-Thompson classification may be useful when subchondral fractures are visible. 28 The purpose of developing and analyzing growth plate involvement is to provide the clinician with a useful adjunct to the Herring's lateral pillar classification system. The main focus of this article is to compare the new classification system of growth plate involvement with the lateral pillar classification of Herring et al in predicting the radiographic outcome after surgical containment of Perthes disease as assessed by the criteria of Stulberg et al We believe that the GPI can be a useful adjunct to the Herring's pillar classification system, while not necessarily replacing it. If the Herring's pillar classification is unclear, the clinician can use the GPI to assist in predicting outcome.
One of the main limitations of our study is the fact that all patients were treated with a shelf acetabuloplasty. We cannot say whether and to what extent this altered the natural history of the disease and whether the data apply to other procedures. However, this is a relatively large consecutive series of patients treated at one institution with the same procedure. To ascertain generalizability other studies of patients with differing procedures would be required using the same methods. Although this study is retrospective, we do not believe this a major limitation. While we did not randomize patients to different treatments or use the growth plate involvement in a prospective manner, to determine prognosis we used the same Stulberg rating for each patient to compare growth plate involvement and lateral pillar classifications. We believe that if the patients were enrolled in a prospective study and followed until skeletal maturity without altering our classification and method of treatment of Perthes disease, each patient would have had the same radiographic outcome as seen in the current study.
We used only the epiphyseal line as the reference line for distinguishing growth plate involvement. This is reflected as a thin white line on the epiphyseal side of the growth plate (Fig 1) . We noticed the involvement of the growth plate increased as the disease progressed (Fig 6) . Also, comparison of growth plate involvement in different stages of the disease at the time of surgery showed statistically significant differences (Table 2) . Although the mean growth plate involvement in the necrotic stage was 0.09, it increased to 0.25 in the fragmentation stage and to 0.38 in the reossification stage.
As a result of the wide range of growth plate involvement values (0.01-0.89), we determined the cut point for growth plate involvement measurements based on sensitivity and specificity for predicting radiographic outcome. All hips with growth plate involvement less than 0.25 at the time of the surgery had favorable outcomes, whereas hips that exceeded the growth plate involvement value of 0.25 showed residual deformation at the last followup. Other studies suggest the disturbance in the growth of the proximal femur in Perthes disease leads to unsatisfactory results. 1, 7, 17, 21, 29, 35 Growth plate involvement was a strong and accurate predictor of the course of future development of the hip. Growth plate involvement during the first months after the onset of the disease was small (0.02 on average) and equal in groups regardless of the age of onset, gender, or side. Growth plate involvement showed a linear increase with disease progression (Fig 6) . All hips within the first 5 months after symptom onset showed Type I growth plate involvement (< 0.25). In one hip, growth plate involvement exceeding this value appeared 6 months after the disease onset, which corresponded with the end of the necrotic stage. Nine months after the onset, some hips showed increasing growth plate involvement greater than 0.25 (growth plate involvement Type II). These hips had unsatisfactory outcomes. Based on the growth plate involvement, we recommended containment treatment in the early months of the fragmentation stage while the growth plate involvement is small. A similar time frame for containment is proposed in other retrospec- The score comparison is a test of the two areas under the curve to determine which is more accurate. In this case, growth plate involvement is significantly more accurate than the lateral pillar classification.
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Domzalski et al tive studies. 6, 16, 34 This recommendation is also supported by Jonsater, 15 who considered the necrotic stage as the culminating phase of Legg-Calve-Perthes disease and found the regeneration process at the histologic level starts from the beginning of the fragmentation stage. 15 Because our patients were treated with a shelf acetabuloplasty, it is difficult to predict if it altered the natural history of the disease.
Our finding that the extent of growth plate involvement at the time of the surgery correlated with final radiographic outcome is supported by other studies. 1, 7, 35 de Sanctis et al used MRI to observe the proximal femur and reported the amount of physeal involvement as the strongest predictor of the final radiographic outcome. 7 They suggest the extent of physeal involvement is the main risk factor in Legg-Calve-Perthes disease. 7 They described lesions of the growth plate of the proximal femur, which varied in extent and always were associated with metaphyseal cysts.
Ponseti 24 suggested that in Legg-Calve-Perthes disease, the faulty epiphyseal cartilage is the primary lesion and interruption of the blood supply to the epiphysis occurs when the retinacular vessels cross the affected layer of cartilage at the edge of the disrupted growth plate. Slocum 30 and Snyder 31 established the importance of an open growth plate for remodeling a deformed femoral head and presumed the better results obtained in younger patients were related to a longer time to remodel. However, this potential for improvement only exists when the epiphyseal growth plate remains open. The same relationship was noted in our study; all hips with good final outcomes had open growth plates for at least 3 years after surgical containment (Fig 3) . In our study, the average time of remaining growth in Stulberg Classes I and II was 57 months and only 32 months for Class III and 23 months for Class IV. We also found hips with greater involvement of the growth plate at the time of surgery had a much shorter time of open growth remaining after containment and, therefore, had a shorter time available for remodeling (Fig 5) . This correlation was also described by several authors who found severely involved growth plates had a tendency to prematurely close, which leads to deformation of the proximal femur. 1, 4, 11, 23 Growth plate involvement is a reliable and reproducible type of measurement of the extent of the growth plate involvement in Perthes disease. The growth plate involvement showed good correlation with radiographic outcome and may be used as a prognostic factor in the early stages of the disease. Hips with growth plate involvement less than 0.25 had a favorable outcome, whereas hips with growth plate involvement greater than 0.25 developed deformity despite containment. The optimal timing for containment based on growth plate measurements is when growth plate involvement remains less than 0.25, which usually occurs within 6 months after the onset of symptoms. Growth plate involvement is an accurate predictor of the course of future development of the hip.
